For over 80 years emissive probes have been used to measure plasma potential and a wide variety of methods for interpreting probe data now exists. Constructions, heating methods and measurement techniques are reviewed in detail and their various strengths and limitations are compared. Additionally, several novel uses for emissive probes, such as measuring electron temperature are presented. This review also includes tables of recommendations for emissive probe design given the type of plasma and desired measurements.
Introduction
Along with temperature and density, plasma potential is one of the most important parameters of a plasma. Langmuir first recognized its importance for the role it played in confining electrons in his first experiments [1] . Today, the plasma potential is often measured because it is a principal factor in understanding a wide range of phenomena from confinement to charged particle flows [2] [3] [4] [5] [6] . While the potential can be measured with collecting probes in some plasmas, these techniques fail in many circumstances and are subject to large uncertainties [5, [7] [8] [9] . Although emissive probes can directly measure neither temperature nor density, this review will demonstrate that their precision and robustness make them the best device for plasma potential measurements.
The first concept of an electron-emitting probe was proposed by Langmuir in 1923, at the same time as when he proposed the collecting probe [1] . Collecting probes can be used to find the plasma potential by identifying the knee in the current-voltage (I -V ) characteristic curve [7] . Emissive probes, however, can determine the plasma potential more precisely. When an emitting probe is biased more negatively than the plasma potential, the electrons can be emitted from the probe into the plasma. When the emitting probe is biased more positively than the plasma potential, the electrons cannot be emitted, except for a small number due to the tail of the emitted electron distribution. Using the parameter ξ , which is the probe bias normalized to the wire temperature (T w ) for the emitter graph and the plasma electron temperature (T e ) for the collector graph, emitting and collecting probe current versus bias voltage are compared in figure 1, which is based on Langmuir's original description of probes [10, 11] . For the emitter when ξ < 0, all the electrons emitted from the probe will enter the plasma and be observed as emitted current. When ξ > 0, the current decreases exponentially with the slope of the logarithmic plot proportional to 1/T w . The figure neglects space charge effects (discussed in section 2.2), so the differences between planar (P), cylindrical (C) and spherical (S) probes are due exclusively to geometry. In the case of the collector when ξ < 0, the current exponentially increases and the semilog slope is proportional to 1/T e . When ξ > 0, all electrons entering the probe sheath are collected. The difference between the planar, cylindrical and spherical currents of the collector above ξ = 0 are due to angular momentum effects. Emissive probes have an exponential region that depends on T w while collecting probes have an exponential region depending on T e . Since in most plasmas T w T e , emissive probes can measure the plasma potential much more accurately [1] .
Experimentally obtained emissive probe I -V traces are shown in figure 2. In these traces the plasma potential is approximately −21 V. When the probe is biased below this potential, there is significant emitted current (which is read on the graph as negative probe current). Above the plasma potential, electrons are collected rather than emitted. The increasing wire temperature corresponds to increasing electron emission, observed in the increasing magnitude of the current for the more negative probe biases. The physical construction of a typical emissive probe is shown in figure 3 [11] . The Figure 1 . Schematic diagram of emitted and collected current for emitting and collecting probes, respectively. ξ is the probe bias normalized to T w for the emitter and T e for the collector. P is for a planar probe, C is for a cylindrical probe and S is for a spherical probe. Note that these graphs have a logarithmic scale on the vertical axis and emitted and collected electron currents have opposite signs. 0.0025 cm diameter tungsten wire is exposed to the plasma and a current is passed through it to heat the wire to emission.
These basic ideas have been expanded and refined to suit a variety of situations. First, in section 2, theoretical descriptions of emissive probes are discussed. Then the various methods for determining the plasma potential are addressed (section 3) as well as heating schemes (section 4). Probes can be constructed in a variety of ways, which are also detailed (section 5). A number of specific applications of emissive probes warrant individual discussion (section 6) and uses of emissive probes apart from measuring the plasma potential are described (section 7). Finally, this review includes a discussion addressing how to choose the most appropriate emissive probe technique, which is summarized in tables (section 8).
Emissive probe theory

A simple model
There are two basic components to the emissive I -V curve: the collected current and the emitted current. It is useful to examine the equations describing these currents in the simple case of a cylindrical probe with space charge effects neglected. Space charge effects are caused by non-neutral charge build up around the probe and significantly complicate calculations (see section 2.2). These simple equations can yield a qualitative understanding of how emissive probes work.
The collected current is just the same as that of a cold Langmuir probe [7, 12, 13] :
where V b is the probe bias, V p is the plasma potential, I * e is the electron saturation current, T e is the electron temperature in eV and g (V b − V p ) accounts for angular momentum of the collected electrons. The emitted current can be written as
(2) The function g (V b − V p ) is the first derivative of g(V b − V p ) and T w is the wire temperature in eV. Temperature limited emission (I e0 ) is given by the Richardson-Dushman equation which is [14] 
where A is Richardson's constant, φ w is the work function of the wire and S is the surface area of the wire. Ion current is neglected in this description because it is much less than the temperature limited emission. The equations are graphed in figure 4 with V p = 0 and T e = 1 eV [7] . Note that the emission current is nonzero when the probe bias is just several T w /e ≈ 0.2 V above the plasma potential (which is chosen to be zero). This effect is due to Figure 4 . Theoretical I -V characteristic for an emissive probe and its collecting and emitting components. The plasma potential is chosen to be zero. I p is the current out of the probe, I * e is the electron saturation current and I e0 is the temperature limited electron emission current.
the electrons in the high energy tail of the electron energy distribution function (EEDF) overcoming the potential barrier. At biases less than the plasma potential the emission current is constant. In this regime, the wire's temperature limits the emission of electrons, so it is known as the temperature limited regime. Figure 2 shows all the same features as the theoretical graphs in figure 4.
Space charge effects
Although the above model is useful for gaining a basic understanding of how emissive probes work, it ignores an important aspect of emissive probes: space charge effects. The additional flux of emitted electrons from the probe can significantly change the structure of the sheath [2, 15] . This was first noted in the context of a floating emissive surface, a consideration indispensable to the floating point method for emissive probes (see section 3.2) [2] . Hobbs and Wesson used a fluid description of the sheath surrounding a planar, electron-emitting surface to calculate the floating potential of that surface as a function of emission:
assuming that T e T i , where T i is the ion temperature. In this equation, V sheath is the potential drop across the sheath (the potential at the sheath edge minus the potential at the surface), is the ratio of emitted electron flux to collected electron flux and m e and m i are the electron and ion mass, respectively. This equation indicates that as the amount of electron emission is increased, the sheath potential will decrease.
Equation (4) is valid until the emission reaches a critical level ( c ) at which the electric field at the surface is zero [2] . This critical value is c < 1 and depends on the ion to electron mass ratio. The sheath potential drop, however, depends only Figure 5 . A schematic diagram of the sheath potential (V ) of a virtual cathode and the particle fluxes near an electron-emitting surface (wall). The dashed line indicates the position of the virtual cathode, X is the distance from the emitting wall, V w is the potential of the wall and V vc is the potential of the virtual cathode minimum.
on electron temperature [2, 16] :
If the surface is further heated in an attempt to increase the emission level, a virtual cathode will form around the surface, preventing additional electrons from escaping into the plasma (see the schematic depiction in figure 5 ) [15, 17, 18] . In this figure, V w is the potential difference between the bulk plasma (the plasma far from any wall) and the wall and equals V sheath plus the potential drop across the presheath. The sheath potential drop will shrink slightly due to the fact that the V vc (the potential at the virtual cathode minimum) stays constant while V w − V vc increases, but that is typically insignificant unless T e ∼ T w . Once the virtual cathode has formed, some of the emitted electrons will escape into the plasma and some will be confined to the wall. This result is not predicted by the simple theory described in section 2.1 but is an important effect that cannot be neglected. Furthermore, a recent investigation into the effects of cylindrical geometry reveals that the sheath potential can depend on the probe size [19] . Space charge effects affect not only the floating potential but also the shape of the I -V trace around the plasma potential and below. The first analytical description of an emissive probe I -V trace considering space charge effects was given by Ye and Takamura [20] . The equations necessary to fully describe the I -V trace are many and will not be reproduced here; the reader is referred to the original work for greater detail. Other sources provide even more details of the derivation of these equations [17] . The model assumes that the ions are cold, the plasma electrons are Maxwellian, the emitted electrons have zero energy, the collector is in a cylindrical geometry, the emitter is in a planar geometry and secondary electrons are neglected [9] . The greatest weakness is the planar emitter, which should be cylindrical for emissive probes. The equations of the model are graphed in figure 6 [20] . The I -V trace is divided into three regions. In the region with probe biases (V b ) above V p the current is strictly due to collected electrons and in the region with probe biases below V S is the temperature Figure 6 . An I -V trace broken into collected and emitted parts calculated using Ye and Takamura's model. The T-region is the temperature limited region, the S-region is the space charge limited region, and the potential that divides them is V S .
limited emission region (T-region). These two are separated by the space charge limited region (S-region) where the electron emission is dictated by the space charge surrounding the probe rather than the temperature of the probe. It is bounded by V S , the potential value that separates the T-region and Sregion, and ∼V p . This model accurately predicts that the floating potential will never get closer to the plasma potential than ∼−T e /e. Preliminary experiments show good qualitative agreement with Ye and Takamura's model [9, 21] .
Methods for determining the plasma potential
The principal use of an emissive probe is to determine the plasma potential using the fact that the probes will emit below the plasma potential, but not above it. There are a number of techniques that can be used to accomplish this task.
Separation technique
The first concept of an electron-emitting probe was proposed by Langmuir [1] . He suggested that an electric probe could be heated to a point just below emission and then, by shorting part of the circuit with a button, one could temporarily increase the temperature so the probe would be emitting. The lowest potential at which the collected current was the same for the nonemitting and emitting cases was taken to be the plasma potential. This simple theory, however, has been superseded by more modern analyses that consider space charge effects and it is now known that the separation point method is unsound [9] . This method was improved once I -V traces could be taken as it was easier to find that point and was referred to by Chen as the separation technique: if the I -V traces of the probe while cold and hot are superimposed, the point of separation is the plasma potential (see figure 7 ) [22] . In this graph, the curves above the separation point are not the same, as predicted by theory, resulting in a crossing point rather than a separation point [9, 23] . This may be due to the effective radius of the probe increasing due to a virtual cathode forming around the probe when the probe emits and is biased above the plasma potential or because of surface contamination [18, 23] . Regardless of the cause, this crossing point is not sensitive to the temperature of the wire. In theory, the accuracy of this method is on the order of T w /e, though uncertainty in determining precisely where the curves separate is much larger than T w /e.
An improvement on the separation technique designed by Yao et al is the differential emissive probe where the whole system is built into a single circuit that automatically follows the separation point [24] . Two emissive probes are immersed in the plasma. One is heated so that it is warm, but not emitting (to keep the probe clean) while the other is heated to emission where the temperature limited emission is comparable to the electron saturation current. The circuit then drives the bias on the probes to the point where the currents are just the same. This technique is best for rough real-time monitoring of the plasma potential. It is not a good method for accurately determining the plasma potential because there is no theoretical support for this technique, though it is still being used [25, 26] . In figure 4 , where T e /e is chosen to be 1 V, the separation point is 2T e /e above the plasma potential.
Floating point with large emission
The first major step in the application of emissive probes was developed by Kemp and Sellen in 1966 [11] . They made use of the fact that as emission increases, the floating potential of an emissive probe approaches the plasma potential (figure 8) [27] . The floating potential of a probe is the intersection of the I -V curve with the load line, the current-voltage curve of the electronics used to measure the current. If a simple resistor is used, the load line is a straight line, as in figure 8 . As the emission of the probe is increased from no emission, the floating potential of the probe rises rapidly at first, but plateaus at the plasma potential (see figure 9 ) [11] . After this point, increasing the emission only slightly changes the floating potential due to space charge effects [15] . Kemp and Sellen claim that a good measure of the plasma potential is the linear extrapolation and intersection of the lines in the two regimes.
Generally when using this technique, rather than reading multiple floating potentials at different emissions, the emission is increased until the floating potential saturates. The technique is known as the floating potential in the limit of large emission and many assume the value of the floating potential at saturation to be the plasma potential [11, [28] [29] [30] . Kemp and Sellen argue that the floating point method is viable for densities between 10 5 and 10 12 cm −3 ; outside of this range the errors become too large to obtain useful data. Below the lower limit, the electron saturation current is so small that space charge effects become significant. Space charge effects can change the plasma potential when the current emitted from the probe locally depresses the plasma potential, reducing the electron emission into the plasma. Above the upper limit the filament temperature needed to reach high enough emission would melt the filament. Kemp and Sellen claim that within this stated range the plasma potential can be measured to within an accuracy of 0.01 V, though from emissive probe theory the uncertainty cannot be better than T w /e, typically 0.2 V.
Although the floating point method has a precision of T w /e, its accuracy error is much larger than that. Hobbs and Wesson considered a floating emitting surface in a plasma and solved Poisson's equation with Bohm's criterion modified for an emitting surface and determined that the potential of the floating surface was approximately T e /e below the plasma potential in the limit of large emission (see section 2.2) [2] . Numerical simulations show that a floating probe in the limit of large emission (emission current greater than collection current) will float 1.5T e below the plasma potential [31] . Additionally, in plasmas with large fractions of energetic electrons, such as beam plasmas or double plasma devices, an emissive probe in the limit of large emission can float near the energetic electron energy and will not provide an accurate measure of the plasma potential [8, 32] .
The simplest method for determining the floating potential is to connect the emitting probe to ground through a resistor or a high impedance isolation amplifier, such as an AD-210, a chip manufactured by Analog Devices. Larger resistors have a more horizontal load line and more accurately measure the potential at which no current is drawn (see figure 8) , so high resistances (in the M range) are used. Alternatively, the floating point can be measured by taking an I -V trace and finding the potential at which there is zero current. This method is much less convenient but is not affected by resistances. When the plasma density is very low, taking the I -V trace may be necessary to get an accurate reading of the plasma potential.
Inflection point method
The inflection point method was developed by Smith et al in an attempt to reduce the space charge effects associated with the floating point method [13] . Figure 10 shows an experimental emissive probe I -V trace and its derivative from a plasma confined in a multi-dipole chamber [13] . The inflection point of the I -V characteristic of an emitting probe in the limit of zero emission approaches the plasma potential. The inflection point is shifted slightly by space charge effects due to emission and this shift appears to be linear (see figure 11 ) [13] . Therefore, the inflection point is measured for a number of low emission levels (temperature limited emission on the order of electron saturation current or less) to minimize the space charge effects and these points are linearly extrapolated to zero emission where there are no space charge effects.
The theoretical justification of this technique given by Smith et al is very qualitative, but a more quantitative justification has recently been given [9] . Using Ye and Takamura's analytical description of an emissive probe I -V trace [20] , a theoretical emission current versus inflection point graph was calculated. This analysis indicated that the inflection point method underestimates the plasma potential by ∼T e /10e, but it is only qualitatively consistent with real data. Further investigations are necessary to confirm that prediction.
Godyak and other authors take the inflection point of the I -V characteristic curve of a cold collecting probe to be the plasma potential [33] [34] [35] [36] [37] . It is argued that the inflection point in the limit of zero emission is simply the inflection point with zero emission, i.e. a collecting probe. Measuring the plasma potential as the inflection point in the limit of zero emission, however, unambiguously identifies the real inflection point and linearly fitting multiple points reduces the overall uncertainty of the measurement. It has been shown that the inflection point in the limit of zero emission and the inflection point of a Langmuir probe can agree quite closely, but there are a variety of reasons to prefer the emissive probe [9] . It is difficult to identify inflection points when noise is present, so the many measurements of the inflection point in the limit of zero emission significantly reduce the uncertainty. Emissive probes can also determine the plasma potential in sheaths and plasmas with beams (see sections 6.1 and 6.2) which is very difficult to do with a collecting probe [8] . 
Method comparisons
It has been observed that the various emissive probe techniques do not agree with each other [9, 13, 28] . The typical ordering is the separation point gives the highest measure of the plasma potential and the floating point method the lowest, with the inflection point method in between. Occasionally, papers include cursory comparisons to determine which technique to use, typically concluding that the floating point method is sufficiently accurate [38, 39] . Bradley et al compared the various techniques in a plasma produced by a magnetron, though all the details were not included because that was not the focus of the paper [28] . They concluded that all the techniques were accurate to within T e /e, where T e was a few eV.
A dedicated study regarding this question was recently published [9] . The experiments were performed in a Hall thruster plasma with effective electron temperatures (T e,eff ) between 10 and 50 eV. Figure 12 shows the difference between the inflection point method and the floating point method as well as the difference between the separation point method and the floating point method [9] . The trend shows that the inflection point method yields a value ∼2T e,eff /e above the floating point method, which is fairly consistent with the 1.5T e /e predicted from fluid theory and PIC simulations [2, 31] . The authors conclude that the inflection point in the limit of zero emission more accurately measures the plasma potential than the floating point method. Additionally, the difference between the separation point method and the floating point method varies wildly compared with the other techniques, suggesting that the separation point technique is an inaccurate method for measuring the plasma potential.
Although the inflection point technique may be the most accurate, it is not the best technique for every experiment (see section 8). The inflection point method cannot measure temporal variations easily and is difficult to use in high energy density plasmas. If the electron temperature is small, so will the difference between the inflection point technique and the floating point technique. Additionally, if the electron temperature is constant, the floating point technique's error is constant, so relative changes in the plasma potential and electric field measurements will still be correct. The authors suggest that the floating point method be compared with the inflection point in the limit of zero emission method before use, though, to ensure the measurements will be accurate.
Heating methods
Most emissive probe designs require the probe to be heated to the point where it begins emitting electrons. There are several ways to do this and each method has its own strengths and weaknesses.
Joule heating
The most common method for heating an emissive probe is to simply run current through it. This method is straightforward and easy to control by varying the current and can be most simply implemented with a continuous direct current. There is a distribution of bias voltages across the filament since a potential drop (the heating voltage, V H ) is required to make current flow. A good approximation of effective the bias potential is the potential at the hottest part of the probe since electron emission is highly temperature dependent (see equation (3)). Because the ends are cooled by conduction to the supports (see figure 3 ), the middle of the probe is the hottest part. Therefore, the effective bias voltage can be taken as the bias potential at the middle of the probe [24] . Depending on the heating circuit, this could mean that the effective bias potential is the bias potential plus V H /2, 0, or −V H /2 [40] .
For more accurate knowledge of the bias potential, measurements can be taken while there is no voltage drop across the filament [41] . To do this, the filament must be heated with half wave rectified alternating current and the data taken during the nonheating half cycle. A simple example of a circuit for this purpose is shown in figure 13 [27] . Outlet power at 50 or 60 Hz is often used, but higher frequencies can be used [42] . Care must be taken that the I -V trace is recorded quickly with respect to the cooling time of the probe (typically on the order of 10 ms) when using ac heating in conjunction with the inflection point method. Fujita et al, using a 0.5 mm diameter wire, showed that the inflection point can change by up to 1 V during the off-cycle due to cooling, though the floating point does not vary during the off-cycle [41] . 
Indirect heating
Closely related to the Joule heating method is indirect heating. The basic idea of heating by running a current through a thin wire is the same, but for indirect heating the emitter and the heater are two separate objects. For instance, figure 14 is a schematic diagram of a planar emissive probe that uses indirect heating, proposed by Fink et al [43] . Current through a coil of wire heats the LaB 6 pellet which is electrically isolated from the heating coil. This design has the benefit of isolating the heating circuit from the data collecting circuit, reducing noise and the complexity of floating the heating power supply. In practice, however, it is difficult to make a heating coil that will adequately heat the emitter without the coil melting and a working device has not yet been constructed. Strele et al constructed and used an indirectly heated collecting Langmuir probe but only heated to keep the probe clean, not to emit [44] .
Self-emission
The high densities and temperatures of fusion plasmas makes emissive probe use more complicated. The probes themselves can perturb the plasma, the shaft can introduce impurities and the high energy density can cause the probe to melt [34, 45] . The melting problem is especially acute when using Joule heating and taking I -V traces. The heating required to bring the probe to high emission is frequently enough to melt the wire. These problems can be reduced using a self-emitting probe which is heated to emission by the energy in the plasma itself, a technique designed by Hershkowitz et al [45] . A self-emitting probe consists simply of a wire end exposed to the plasma. The electronics for measuring the probe current is simply a resistor or high impedance operational amplifier connected from the probe to ground across which the voltage can be measured; the floating point technique is the underlying method for self-emitting probes. Because there does not need to be a closed wire loop through which current can pass, the supporting shaft size can be smaller, reducing impurities and perturbations. This heating scheme also eliminates the complications of taking measurements during the heating offcycle as for Joule heating; measurements can be taken at any time.
While self-emitting probes are convenient for fusion plasmas, their range of operation is more limited than most designs. It takes time for the probe to be heated to emission, which takes a few milliseconds, generally, so the plasma potential during heat up cannot be known. The equation governing the probe heating is 1 2
where v α and T α are the thermal velocity and temperature of species α, C p is the specific heat of the probe material, R is the radius of the probe, ρ is the density of the probe material, T is the probe temperature and t is time [45] . This equation assumes that energy losses from the probe were small compared with the gains to it, which is true for most pulsed fusion experiments. It is clear from this equation that if the density and temperature of the plasma are too large the probe will heat up too quickly and can melt in the course of a single shot. Therefore, if the density and temperature are too high the radius must be increased to prevent melting. What size of radius perturbs the plasma significantly depends on the specifics of the experiment. One experiment allowed the probe to melt and changed it after every discharge, the inconvenience of which led to the development of the secondary electron emissive probe (see section 4.4) [45, 46] . An alternative to allowing the probe to be destroyed is to move it quickly into the plasma of interest and back out before it melts. Rohde et al used a pneumatic drive to move the probe at 1 m s −1 , allowing potential measurements to be made in a plasma where T e = 80 eV and n e = 2 × 10 13 cm −3 [47] . Similar measurements were successfully made by Fink et al [43] .
Another limiting factor is that the electron emission current must be larger than the electron collection current in order for the floating potential to be a good indicator of the plasma potential [45] . Starting from the conditions that the emission current is greater than the collected current and the probe is heated to just below the melting point, a limitation based on the density and temperature for which a pure tungsten self-emissive probe can survive can be derived:
where n e is in cm −3 and T e is in eV.
Secondary electron capacitive emissive probes
An option for measuring the plasma potential in high temperature plasmas is the secondary electron capacitive emissive probe (SECP) designed by Wang et al In order for the probe to have significant secondary electron emission, the material exposed to the plasma is glass, which has a secondary electron coefficient between two and three for temperatures greater than 50 eV [46] . The potential is measured capacitively by an electrode within the glass (see figure 15 ). The potential on the probe is measured across a large (∼88 M ) resistor with a high impedance operational amplifier as a buffer. Since the probe is capacitive there is a low-frequency measurement limit, which depends on the resistor and the capacitance of the cables. The typical low-frequency cutoff was 1 Hz, so this device is limited to pulsed plasmas. It is claimed that high-frequency limit is on the order of 100 MHz. Because the electrode does not float at the same potential as the surface of the glass, this probe must be calibrated before use. This was done by covering the probe with foil or dipping it in mercury and then apply a known low-frequency signal and measure the output to determine the attenuation of the system.
Wang et al show that, assuming no secondary electron emission from the Langmuir probe, the plasma potential is related to the SECP potential theoretically by the equation
in a hydrogen plasma, where V F,S is the floating potential of a SECP and V F,L is the floating potential of a Langmuir probe [46] . This equation was derived based on the assumption
By experimentally comparing the SECP technique with the self-emissive probe technique, they empirically found that
is a better fit [46] . It is claimed that the discrepancy is due to inaccuracies in measuring the electron temperature. The temperature was measured with a Langmuir probe and if the Langmuir probe's effective secondary coefficient of 0.7 is assumed, equation (9) would be recovered. A limitation to this method is that the electron temperature must be significantly high to yield a large enough secondary electron emission. Experimentally the relationship was determined to be [46] 
If this condition is not satisfied, the SECP method yields a plasma potential significantly lower than given by the selfemissive probe method. The benefit of this method is that the probe has a sturdy construction that is not prone to breaking or melting as other techniques are in high temperature plasmas. The SECP method has no published use other than the first paper, so it is not known how well this technique performs in other experiments.
Laser heating
While the previously mentioned heating schemes are simple and easy to employ, there are serious drawbacks to each. Running current through the filament causes many problems due to the bias voltage and temperature distributions across it. The self-emissive technique reduces these problems, but there is no way to control the amount of emission. The laser-heated method provides an excellent solution to all these problems, though involving a more complicated setup. Ono and Teii developed a system by which a probe is heated to emission via an infrared laser and I -V traces were taken [48] . The laser was a 10-20 W continuous wave CO 2 laser directed at a 0.4 mm diameter sphere of platinum coated with carbon to improve the absorption of the laser energy. By changing the power of the laser, different levels of emission could be reached, as shown in figure 16 [48] . This scheme has been applied in direct current (DC) discharges [48] , RF discharges [49, 50] , and tokamaks [51] . The probe itself can be made of a variety of materials, including platinum, tungsten, graphite and LaB 6 , but the greatest benefit of heating with a laser is that there is no potential distribution across the probe. Because of this, laser-heated probes have attracted attention from the fusion community in recent years [51] [52] [53] [54] [55] . Particularly noteworthy is the movable laser-heated emissive probe designed by Schrittwieser et al as shown in figure 17 [52] . This design allows the probe to be moved without needing to refocus the laser and has been employed in a helicon discharge, but not yet in a fusion device. A study of various probe materials for laser heated emissive probes indicates that a graphite tip causes the least noise in the measurements, but LaB 6 emits more current for a given laser power [55, 56] . Additionally, it was found that LaB 6 is extremely robust, showing no signs of evaporation even after hours of continuous heating, giving it a much longer lifetime than a tungsten probe. All these factors combine to make the laser-heated probe a promising technique for high energy density fusion plasmas.
Probe construction
The design scheme of an emissive probe can significantly affect the performance and lifetime of the probe. A number of common designs are presented in this section to apply to a variety of types of plasmas.
Material
In many cases, emissive probes are made out of tungsten. Tungsten has the highest melting point of any metal (3695 K), which allows it to be heated to higher temperatures and greater emission than other metals [57] . Frequently the tungsten is doped with thorium oxide, usually at between 0.5% and 2.0%, which increases the electron emissivity by up to three orders of magnitude by reducing the work function of the wire. Thorium is radioactive, but is an alpha emitter, so it is not dangerous unless ingested. The thorium oxide is initially present throughout the tungsten, but after heating the wire it diffuses to the surface. This process was studied in detail by Langmuir [58] . Tungsten emissive probes have been employed in a wide range of plasmas from vacuum [59] to tokamaks [60] and with working gases including noble gases [13, 15] and fluorine gas mixtures [61] . Tungsten is a convenient choice for constructing emissive probes in any plasma that does not contain oxygen. When using a laser-heated emissive probe, however, a wider variety of materials are available, so graphite or LaB 6 can be used (see section 4.5).
Typically, when using a wire as an emissive probe, the wire diameter should be kept as small as possible. This is to minimize the disturbance to the plasma and the heating current needed to heat the wire to emission. There are, however, other considerations to keep in mind. In high energy density plasmas thinner wires can more easily melt, destroying the probe [45] . When studying plasmas produced by plasma thrusters, magnetrons and other devices with ion flows, sputtering can severely limit the probe's lifetime, so thicker wires may be used to allow the probe to survive for longer [15] . When using the inflection point in the limit of zero emission method it has been observed that smaller probe diameters increase the slope of the line relating emission current to inflection point (see figure 18 ) [13] . The large slope leads to less uncertainty when calculating the plasma potential with this method, so smaller wires are preferable. Most experiments have employed emissive probe wires with diameters between 0.0025 and 0.02 cm.
Tungsten is an unsuitable choice for an emissive probe if oxygen is present in the plasma [62] . A heated tungsten wire will rapidly oxidize in an oxygen-rich environment and tungsten oxide is many orders of magnitude less conductive than pure tungsten. Also, it is quite brittle and will crumble into a powder. In oxygen plasmas, rhenium or iridium are better choices, as demonstrated by Wilson et al, since their oxides are 10 8 times more conductive than tungsten oxide. Rhenium filaments in an oxygen-rich environment have a Figure 17 . A scheme used to heat an emissive probe with a laser while still keeping the probe mobile in one dimension. This is made possible by the lens mounted on the linear feed-through, keeping the distance from the lens to the probe constant. lifetime of approximately 100 I -V traces in an RF plasma with n e 10 11 cm −3 , but must be conditioned before they begin emitting electrons. To condition the probe, the most dense plasma possible was created in the chamber with a neutral pressure above an experimentally determined threshold (50 mTorr) and the probe was inserted into the most dense region of the device. The probe was then swept from −30 to 30 V with sweep times on the order of 1 min while a heating current was run through the filament. Once the probe began to emit, the conditioning process was halted and data could be taken. The purpose of the conditioning is to use heating and ion bombardment to clean the surface of the probe.
Shape
Various schemes have been devised to secure the tungsten wire electrically and mechanically. It is critical that the emissive probe be secured in a manner that holds the probe in place while letting it be exposed to the plasma. If there is too much insulator right next to the probe, the insulator can become charged from the emission and distort the local plasma potential. There are two different designs for exposing the wire to the plasma. The most common design for Joule-heated emissive probes is a hairpin loop, as shown in figure 3 [11] . This is a convenient design because it simply requires connecting the emitting wire to the wire leads (see section 5.3) and pulling the leads into a ceramic tube so only the emitting wire is exposed. The limitation of this design is that the probe is not purely cylindrical, as is assumed when taking I -V characteristics. Space charge and geometric effects near the bend in the wire can become significant when the Debye length is on the order of the radius of the bend [11] .
For a more accurate indication of the plasma potential at low densities when the space charge effects are significant, a linear emissive probe should be used (see figure 19 ). This design is more difficult to construct, but does lead to more accurate plasma potential readings at low densities. Since the linear design only has significant extent in one dimension, the position is better defined and spatial resolution is improved over the hairpin design. Kemp and Sellen showed that at densities on the order of 10 6 cm −3 the measured plasma potential can be inaccurate by 0.2 V when using the hairpin construction instead of the linear construction. It is important when building this version of the emissive probe to give the wire a slight amount of arc. The physical distortion of the probe caused by heating and cooling and the brittleness of a hot probe will break a taut filament after a single use.
Emissive probes that do not rely on Joule heating can have a smaller probe and smaller support structure if no current need Figure 19 . A linear design of an emissive probe. The probe filament is the only conducting part exposed to the plasma; all else is insulated with ceramic.
be run through the wire. Self-emissive probes merely require a small end (2 mm) of the emitting wire exposed to the plasma and otherwise insulated with a ceramic tube [45] . Laser-heated probes, too, avoid the problems caused by Joule heating and can be made in an arbitrary shape [49] .
Connection
Connecting a tungsten wire to wire leads is a nontrivial problem since tungsten cannot be soldered. One solution is to spot weld the tungsten wire to gold-plated nickel wires and then solder those to the appropriate connections [11] . Nichrome (nickelchromium) wire has been used as an alternative to gold-plated nickel [63] . To reduce the current requirements of heating the probe, Motley made a tapered filament by electrolytically etching the exposed part of the wire [64] . Others forgo the spot welding and simply use the mechanical contact created by squeezing the filament and connecting wire into the bore of the ceramic tube to maintain good electrical contact [65] . Siebenforcher and Schrittwieser employ a variation of this design where the filament is braided into the connecting wire for a more secure contact [66] .
Special cases
Although the principle of emissive probes is the same in every plasma, there are special cases that warrant a more detailed examination. The following sections describe the particular way in which emissive probes are applied to specific systems.
Sheaths
Yamada and Murphree showed that measuring the plasma potential in a sheath by the knee of a Langmuir probe I -V trace does not give an accurate measurement because a planar collecting Langmuir probe becomes a boundary in the sheath and does not let the wall or plate dictate the potential [63] . Also, for any geometry of emissive probe, drifting ions and electrons in the sheath will shift the knee of the I -V trace, adversely affecting potential measurements. Emissive probes do not have this problem and are the only type of probe that can accurately measure the potential in a sheath. This makes emissive probes extremely useful in determining the potential structure of a sheath, as shown in figure 20 [63] . In order to measure the potential profile of a sheath with an emissive probe, the Debye length λ de must be larger than the probe radius. Therefore, to resolve the sheath more easily, the authors worked at low densities:
Both graphs show two cases: one with a positively biased plate and one with a negatively biased plate. Both graphs also show data for both emissive probes and Langmuir probes. fitted to the exponential region below the plasma potential and the linear region above the plasma potential. This is a standard method for determining the plasma potential from a Langmuir probe (for more information on Langmuir probe techniques see [7] ). Finding the knee of an emissive probe I -V trace is not a technique for determining the plasma potential, but was measured for completeness. Of the four methods compared, only the floating point of an emissive probe described the expected potential profile.
Although the floating point method can measure the potential in a sheath, it is limited by density. Fujita and Yagura measured the floating potential as the voltage drop across a resistor connected between ground and the emissive probe [30] . They showed that if the density in the sheath is too low the emissive probe ceases to float near the plasma potential (see figure 21 ) [30] . The density at which the floating point method fails depends on the resistor across which the potential is measured. Smaller resistors lead to a larger limiting density. The true potential profile was measured using the authors' fast time measuring circuit for the floating potential method (see section 6.3), which accurately measures the potential because a high impedance operational amplifier is used. The inflection point in the limit of zero emission was not compared in Yamada and Murphree's paper. Diebold et al compared the inflection point in the limit of zero emission method with the floating point method with a resistor and with an operational amplifier and found that the floating point method with a resistor failed close to the biased boundary while the other two methods yielded expected results (see figure 22 ) [67] . Because space charge effects are significant in sheaths, the inflection point in the limit of zero emission may perform better in sheaths than the floating point method which is significantly affected by space charge effects.
Wang and Hershkowitz showed that if the inflection point in the limit of zero emission method is used, the sheath/presheath boundary can easily be determined. In order for a probe to emit in the bulk (far from any surface), the probe bias must be below the plasma potential. This means that the inflection point of an emissive I -V trace will be below the plasma potential and approach it as the current is reduced to zero (see figure 23(a) ) [68] . Conversely, in the ion sheath (a sheath in which the ion density is greater than the electron density, one with negative curvature), the inflection points are above the plasma potential since the emitted electron density affects the curvature of the potential in accordance with Poisson's equation (see figure 23(b) ). Therefore, the point at which the inflection point does not depend on emission is the sheath/presheath boundary [68] . This is a useful criterion in multi-species plasmas where the sheath edge cannot be otherwise determined [69] .
Double layers and beams
Emissive probes are especially useful in the presence of double layers and beams [8, 70, 71] . Double layers are stationary electrostatic shock-like structures that have a rapid spatial transition (over ∼10λ de ) from a low potential to a high potential [70] . In these systems, streams of ions and/or electrons can make collecting Langmuir probe traces difficult to read, as collecting probes do not distinguish between potential and kinetic energy. Emissive probes, though, only start emitting electrons at the plasma potential, making it the preferable device for measuring potential in double layers and beams. Figure 24 shows the energy distribution at various axial positions in a double layer [70] . The inflection point method in the limit of zero emission accurately measures the plasma potential even in the presence of the high energy 'free electron' species.
In a recent paper by Gyergyek et al, a fluid model of an emitting surface was used to describe the potential profile near the surface in the presence of an electron beam [8] . This analysis shows that a surface will float near the beam energy, not the plasma potential, when the fraction of beam electrons in the plasma is more than just a few per cent. In such a case, the floating potential in the limit of large emission will yield a potential that is near the beam energy, not the plasma potential. Similar results were found when analyzing a bi-Maxwellian 
Temporal resolution
Emissive probes can be used to make time-resolved measurements of the plasma potential, whereas Langmuir probes often cannot [30, 33, 50] . The floating point method is best suited for this purpose because no voltage sweep is required. As mentioned in section 3.2, large resistors are typically used to measure the floating potential. While this is convenient for steady state plasmas, large resistors lead to long response times which depend on the plasma, the wiring and the resistor. If the plasma is modeled as a voltage source with a resistor in series, the time response of the emissive probe is [30] 
where C 0 is the capacitance of the wires of the emissive probe, R 0 is the resistance of the plasma and R M is the resistor connected to the emissive probe. The larger the resistor R M , the higher the response time, which is generally within an order of magnitude of 25 µs. By implementing an active circuit designed by Fujita and Yagura the response time can be reduced to 1 µs [30] . The circuit begins by biasing the probe near the plasma potential and adjusting the bias potential toward the plasma potential based on the current across R M so the current is reduced to zero. This circuitry has the additional benefit of giving accurate floating potentials in low density plasmas when a resistor would not. Teii et al used a laser-heated floating emissive probe to make well resolved measurements of the plasma potential and extract the electric fields in a radio frequency (RF) capacitive discharge [50] . They showed it is possible to measure the electric field as a function of position at a given phase in the RF cycle.
Radio frequency plasmas.
If temporal variations in the plasma potential are expected to vary in a regular way, such as in an RF discharge where the plasma potential varies sinusoidally, a variation of the inflection point technique can be used to gain an understanding of the extent of the plasma potential variation. An experiment by Wang et al consisted of a multi-dipole plasma chamber with a grid immersed in the plasma which could be powered with an RF power supply [74] . This configuration allowed for the comparison between a DC discharge and an RF discharge. Time-averaged emissive probe I -V traces for various amplitudes of RF voltage are shown in figure 25(A) [74] . Increasing the RF amplitude significantly modifies the I -V trace so that the knee is less sharp and the exponential region is limited to the range of voltages more negative than the most negative excursion of the RF potential. The inflection points indicate the greatest extent of the plasma potential variation and the average of the inflection points yields the time-averaged plasma potential [20, 74] .
When using the inflection point technique in an RF plasma it is important for the emission current to be larger than the collected current. If it is not, the I -V traces are noisier and less accurate. In order to get the clearest and most accurate data, the emission current should be as low as possible while still satisfying the previous condition to limit space charge effects. Emission currents (and, therefore, filament temperatures) too high will decrease the peak resolution since the inflection point technique can only resolve to a factor of T w /e [74] .
A time-averaged floating potential technique cannot be reliably used in an RF plasma. Depending on the load resistor, the real impedance across which the probe current is measured, the floating potential may follow the average plasma potential, but could also vary with the RF voltage. The inflection point method (not in the limit of zero emission) is the preferable method as it can determine the fluctuations in the plasma potential when the trace is taken over a period much longer than the RF period. The inflection points bound the plasma potential fluctuations. The potential spends more time near the turning points than the quickly changing intermediate potentials, so the probe trace has inflection points at the turning points. The curves from figure 25(A) are differentiated in figure 25 (B) [74] . It is clear that the dI/dV curve goes from a single peak in curve (a) to two-peaked in curves (b)-(d). The two peaks are close to the DC plasma potential plus or minus the amplitude of the applied RF signal, which is expected.
Magnetic fields
Emissive probes can even be used in plasmas with magnetic fields [15, 28, 60, 75, 76] . If the magnetic field is strong enough, it can deform a filament with current passing through it as in the case of the Joule heating method [52] . Laser heating avoids this problem since there is no heating current and recent work has centered around this heating method [50] [51] [52] [54] [55] [56] . A probe emitting in a magnetic field has a modified effective probe area since electrons emitted perpendicularly to the field will be trapped in gyro-motion and unable to escape and be emitted. This should not be a significant effect unless the probe wire is oriented along a magnetic field line in which case almost none of the emitted electrons could escape.
When using the inflection point in the limit of zero emission, the presence of a magnetic field affects the inflection point/emission current relationship [13] . For a given emission current the inflection point will be more negative when a magnetic field is present than when there is no magnetic field. This phenomenon has not been examined in detail, but merely qualitatively observed by Smith et al. The original paper does not find whether or not the inflection point in the limit of zero emission changes in the presence of the magnetic field.
Magnetic confinement devices
Recently, emissive probes have started to be used for a variety of purposes in tokamaks and other magnetic confinement devices [5, 25, 53, 77, 78] . It has been found that if temperature fluctuations are present in the plasma, the floating potential of a cold probe and plasma potential in tokamaks will fluctuate out of phase but the floating potential of an emissive probe and the plasma potential fluctuate in phase [78] [79] [80] . This makes emissive probes ideal for studying plasma potential fluctuations in tokamaks where temperature fluctuations can be significant [5, 81] .
Emissive probes can be used to measure the plasma potential to determine the electric field in the scrape-off layer [60] . In a hydrogen plasma, a cold Langmuir probe will float at ∼2T e below the plasma potential when T e = T i , but an emissive probe should float at ∼0.7T e below the plasma potential under this condition [47] . Schrittwieser et al measured the difference between the a cold and emissive probe's floating potentials to be ∼1.3T e , supporting the result that an emissive probe cannot float at the plasma potential [60] .
While Joule-heated emissive probes were commonly used because of their easy construction, laser-heated probes (see section 4.5) have recently gained interest for use in tokamaks [51, 53, 54, 56, 81] . Joule-heated emissive probes are usually made out of tungsten so a large enough current can be passed through the wire to heat it to emission. Laser-heated emissive probes, however, can be made out of LaB 6 , which has a lower work function than tungsten, or graphite which can be heated to higher temperatures (and thus higher emission) while having a longer lifetime [55, 56] . As mentioned in the previous section, one of the biggest drawbacks of the Joule heating method is that the current carrying wire will deform in the presence of a magnetic field, a problem eliminated by a laser-heated probe [54] . Also, the time response is better since the probe's capacitance is reduced [50] and the whole laser-heated probe is an equipotential surface, as opposed to the Joule-heated wire which has a potential drop across it. These benefits do come at a price, however, as it is significantly more complicated to focus a laser onto the probe to heat it than simply run a current through a wire.
Special care must be taken when using emissive probes in fusion plasmas with high temperatures and densities. The upper limit of density of a plasma in which a tungsten emissive probe can be used (see equation (7)) can easily be exceeded. In many tokamaks the bulk of the plasma is far too hot and dense for emissive probes to survive, but they can still be used in the scrape-off layer [5] .
Nonneutral plasmas
Emissive probes can be applied to nonneutral plasmas. Himura et al used the floating point technique to determine the potential profile in the Compact Helical System, a stellarator operating with a pure electron plasma [82] . They found that using two different filament diameters (0.15 and 0.10 mm) yielded two different potential profiles (see figure 26 ) [82] . The smaller filament does not collect enough current so at low densities in the region 0 < z < 15 the operational amplifier impedance is not high enough to correctly measure the floating potential. The authors suggest that this issue is due to the fact that the density of nonneutral plasmas is quite low (∼10 6 cm −3 ) making the collected current from the plasma much smaller than the emitted current. Although the floating potential of the emissive probe is measured with a high impedance operational amplifier, the low collected current means that the impedance may not be high enough to measure the true floating potential. If this is the case, the intersection of the I -V curve with the load line of the operational amplifier can significantly deviate from the true floating potential, as can be seen in figure 26 . The Figure 26 . The potential profile measured using the floating potential technique for two different filament thicknesses. The bigger filament collects enough current so the operational amplifier impedance is high enough to measure the floating potential. The perpendicular distance from the mid-plane of the stellarator is z.
inflection point technique has not yet been tried on nonneutral plasmas such as pure electron plasmas. It has been shown to work more consistently in the low density and nonneutrality of sheaths than the floating point method so may yield more accurate results in pure electron plasmas.
High pressure (∼1 Torr) RF plasmas
If the neutral pressure is large enough it can affect the I -V trace of an emissive probe, as shown by Yan et al [83] . Figure 27 shows a time-averaged I -V trace in an RF argon plasma with a neutral pressure of 0.5 Torr. The I -V trace can be divided into various regions where certain effects dominate. The current in region AB is due to two effects. One is the temperature-limited emission current and the other is ionization near the probe from emission, which occurs during the part of the RF cycle when the difference between the bias voltage and the plasma potential is larger than the ionization potential [84] . In region BC there is no ionization current, so only the temperature-limited emission current affects this region. The plasma potential ranges from a low at point D to a high at point E. These points were determined by the technique described in section 6.3.1. Only electron saturation current is in region FG, but both electron saturation current and current due to ionization near the probe from collection influence region GH. One of the major differences between low and high pressure emissive I -V traces is that emission induced ionization dominates the high and low probe bias voltage regions.
One important parameter in an RF plasma system is the time-averaged plasma potential. There are two methods that can be used at high neutral pressure. The first is to simply average the low and high plasma potentials (points D and E, respectively), just as can be done in low neutral pressure systems. Additionally, the average plasma potential can be determined by taking the average of the potentials at which probe induced ionization begins (points B and G) [38, 83, 84] . The two methods agree with each other and both provide a good measure of the average plasma potential.
Emissive probes have not yet been applied to pressures above 1 Torr, including atmospheric pressure. It may be possible for emissive probes to be used in atmospheric plasmas if rhenium filaments are used (see section 5.1), but no experiments have yet been done in this area.
Vacuum
Langmuir probes cannot be used to measure the space potential in a vacuum because there is no current to collect, yielding a structureless I -V trace. Emissive probes, however, can be used because they only emit electrons when biased below the space potential. The floating potential of an emissive probe in a vacuum, however, does not give a good measure of the space potential. I -V traces at various emission levels with arbitrary offsets are shown in figure 28(a) [59] . It is clear that more current is being emitted at the space potential (the arrow) than when the probe is biased to 8 V. Therefore, an emissive probe will not float at the space potential and in this case will float at approximately 2 V above the space potential. This deviation is significant and indicates that the floating point method is not valid in a vacuum, but there are two emissive probe techniques that have been shown to work.
Inflection point method in a vacuum.
The space potential in a vacuum between two parallel plates was measured by Cho et al to test the validity of the inflection point method for this setup (see figure 28 ) [59] . The results are shown in figure 29 and clearly demonstrate the ability of the inflection point method to match the predicted potential profile [59] . Note that data from two experimental setups are shown in this graph. The solid circles indicate the results for the potential between two copper plates with a 10 V difference between them. The open triangles show the potential between two aluminum plates with a 5 V potential difference.
One must take care when using the inflection point method in a vacuum. Although not addressed in the original paper, it is clear from figure 28 that there are actually two inflection points: one indicated by the triangles and another much larger one that is more negative than the graph shows. The larger inflection point may be due to ionization caused by the probe, a phenomenon that has been observed elsewhere [38] . The authors of the original paper, however, do not address this at all.
Vacuum current bias method.
Usually, when taking an I -V trace, the voltage on the probe is applied and the current measured. A technique developed by Diebold et al known as the vacuum current bias method fixes the current drawn from the probe and the voltage of the probe is measured instead. When the fixed amount of current emitted is equal to the amount of current emitted at the space potential, the probe potential is the space potential.
The vacuum current bias method was first tested on the electric field of a parallel plate capacitor. To first calibrate the current bias, the emissive probe is heated to emission and an I -V trace is taken at a known potential [67] . The known potential in this experiment was 0 V, the case when both plates were grounded. The current from the emissive probe at the known space potential is the current from the emissive probe at any other space potential when the capacitive plates are charged. In this way, one measures the space potential to be the potential at which the probe emits the previously determined current. Figure 30 shows the results of the vacuum current bias method measuring the potential between two biased parallel plates [67] . The straight lines are the expected potential profiles while the curved ones are the measured profiles.
Measurements of the space potential can be taken continuously using the circuit shown in figure 31 [67] . This circuit biases the emissive probe so that the probe always draws a current of V CB /R CB , which can be set to be the current determined in the known case. As the probe is scanned across space or time it will automatically adjust the bias to the space potential, which then can be easily measured. The restriction is that the probe response is limited to R S C G where R S is the sheath resistance, which is the change in floating potential over the change in electron saturation current, and C G is the probe capacitance with respect to ground. Typically this value is on the order of 10 ms.
One concern with using an emissive probe in a vacuum is that it appears that the electrode material affects the space potential by some unknown mechanism. This has been observed with both the inflection point method and the vacuum current bias method. While the profile between the two copper plates is as expected, the profile between the two aluminum plates is 1 V higher than expected. Cho et al suggest that this is due to a difference in contact potentials between the aluminum plate and connecting copper wires or due to impurities on the surface of the plates [59] . Alternatively, oxidation of the aluminum surface but not the copper surface may explain the results, but an explanation was not pursued in detail.
Other applications of emissive probes
Although emissive probes are mostly used to determine the plasma potential, there are a number of other applications as well.
Wave detection
Ion acoustic wave measurements are usually made with cold Langmuir probes, but an early study by Alexeff and Jones showed that electron-emitting probes can also be used [85] . They found that the signal received by the emitting probe was four times smaller than a cold probe collecting electron saturation current, but forty times larger than a cold probe collecting ion saturation current. Most importantly, for ion saturation current collection, the readings from the hot probe were significantly less noisy than from the cold probe. The authors offered no explanation as to why this could be, but did determine that it is not due to the emitting probe following the plasma potential. The greater noise from the cold probe could have been caused by contamination of the probe surface.
Emissive probes are particularly useful in determining the potential in an electrostatic shock wave. Cold probes can detect the presence of a shock, but not allow determination of the potential of the wave. Honzawa argues that emissive probes, however, can measure the potential of a shock wave with the following equation [86] :
Here is the wave potential, V p is the potential difference between the floating potential of the emissive probe and the plasma potential, α is the potential difference between the plasma potential and the separation potential (the value given by the separation point method), η is the current ratio of an emissive probe to a collecting probe and V p , I dc is the emission current in the bulk and I ac is the additional emission current as the shock wave passes. This formula allows the shock potential to be calculated from the change in floating potential, something not possible with a collecting Langmuir probe.
Electron temperature
Emissive probes are sometimes used in conjunction with Langmuir probes to estimate the electron temperature using the difference between the floating potential of a probe when it is cold and hot [3, 81] :
Here V F,h is the floating potential of a hot, emissive probe, V F,c is the floating potential of a cold, Langmuir probe, and α j = e(V p − V F,j )/T e , where j stands for either the cold (c) or hot (h) probe condition. This equation is theoretically sound, but in practice it is quite difficult to know α c and especially α h precisely. For a hydrogen plasma α c ∼ 2.5 and α h ∼ 1.15 [81] . A percentage error in estimating α c − α h is directly passed to error in measuring T e , so the uncertainties can be quite large. Emissive probes can be used to characterize the electron temperature as shown by Kusaba and Shindo, though not in the same manner as collecting probes [42, 87] . Consider a floating emissive probe that is heated by a 40 kHz square-wave potential between 0 V and V H so that the emitted current is constant throughout the cycle, but the heating voltage is not constant. At the floating potential, the emission should be temperature limited, not space charge limited [4] . Such an emission current is below that needed to saturate the floating potential. The floating potential is measured from one end of the emissive probe, which will be called the measured leg. The collected electron current increases or decreases during the heating half cycle for a heating voltage with respect to the measured leg that is positive or negative, respectively. The following equations are derived based on a heating voltage that is negative with respect to the measured leg. Since the emission current is temperature limited, it stays constant regardless of the collected current, so the effect of the heating voltage is a change in the floating potential ( V F ). Assuming that the voltage drop across the filament is linear, the emission current is constant, and the electrons are Maxwellian, a relationship is derived relating the electron temperature, V H , and V F [42] :
when
This condition is satisfied when the heating voltage is below some critical value on the order of 10 V. If this condition is not satisfied, V F and T e are related in a more complicated way [42] 
where
Practically, this correction for high heating voltages is not necessary as the electron temperature can be determined just from the low heating voltages [88] . Figure 32 shows experimental data from an inductively coupled RF plasma graphed with theoretical curves for various electron temperatures [42] . By fitting the data points to equation (14) , the electron temperature was determined to be 2.0 eV. The most significant error in this formulation is the cooling of the ends of the filament due to conduction to the leads, but this effect can be approximated in order to reduce that error, which is claimed to be less than 10% [42] . The reader is referred to the original paper for more details on this process. Despite this source of error, electron temperatures measured with the emissive probe method are equal to those measured by a cold Langmuir probe within uncertainties of ±0.3 eV. By examining figure 32, one can also see that the method becomes more uncertain for higher electron temperatures, as the theoretical curves get closer together. This may limit the usefulness of the technique but the authors do not offer any relationship between electron temperatures and uncertainty.
One of the benefits of using an emissive probe to determine electron temperature is that the probe is floating, so the technique can be used on plasmas in an insulated container [42] . Additionally, the emissive probe perturbs the plasma less than a cold Langmuir probe while still getting accurate results. Matsubara et al found that in their linear divertor simulator experiment (TPD-II) that measurements of T e with a Langmuir probe gave anomalously high temperatures while the emissive probe technique yielded expected values [4] . The technique is based on the assumption that the electrons are Maxwellian, so the technique will not work if the electrons are not; however, an extension of this technique has shown potential for determining EEDFs, as explained in the next section.
Electron energy distribution functions
Kusaba and Shindo argue that when the emissive probe is heated by V H the probe is sampling electrons with energies in the range (V p − V F ) to (V p − V F ) + V H so V F is related to the average number of electrons in the interval [88] . They claim that when V H > 2.3T e /e the range of electron energies collected is (V p − V F ) to (V p − V F ) + V H , but they offer no explanation as to why. The slope of the EEDF is the equivalent electron temperature T e /e calculated from equation (14) for many values of V H . This is the slope of the EEDF between E and E + E where E = e(V p − V F ), E = e(V F (V H1 ) − V F (V H2 )), and V H1 and V H2 are the two heating voltages used to obtain the E and E measurements. Experimental data using this method are shown in figure 33 in the case of a biMaxwellian [88] .
Although this may be a promising technique, it has not yet been compared to any established method of measuring the EEDF. Therefore, the practical validity of this technique is still questionable. Also, the resolution of electron energy is limited to 2.3T e /e due to the high heating voltages. They claim that this resolution can be improved by decreasing the heating voltage or using software to numerically measure V F . The software would reduce the heating voltage step size to improve the resolution. 
Which method to use?
The multitude of options and techniques for emissive probes makes it a useful device for many different plasmas. More important than understanding all the different options, however, is knowing which is best for a given experiment. This section offers some guidance in deciding which (if any) emissive probe design to use.
Probes versus optical diagnostics
Frequently the plasma potential is measured to determine the electric field [6, 89, 90] . Emissive probes, however, are not the only way to measure the electric field; laser-based spectroscopic methods are also available. The principle of the optical methods is to use the Stark shift of atoms and molecules to determine the magnitude of the electric field. The benefit of this method is measurements can be taken without perturbing the plasma and the spatial resolution (∼0.1 mm) is much finer than that of emissive probes (∼1 mm) [91] . Additionally, optical measurements can be pulsed with temporal resolution of a few nanoseconds while emissive probes can only resolve on the order of a microsecond [30] . The major drawback of optical techniques is that most cannot resolve electric fields smaller than ∼30 V cm −1 [91] . The resolution is further limited by ion electric microscopic fields (E ion ) which are the chaotic electric fields among individual ions given by
where E ion is in V cm −1 and n e is in cm −3 [91] . For optical techniques to accurately measure an electric field in a plasma, the field to be measured must be much larger than the electric microscopic fields. Emissive probes have a much better resolution since they measure plasma potential and have an uncertainty of T w /e which is generally around 0.2 V, but when such a small potential difference is measured over a long distance, arbitrarily small electric fields can be measured. Emissive probe techniques and optical diagnostics complement each other because probes have the sensitivity to measure small electric fields while optical diagnostics have the spatial resolution to measure large electric fields.
Choosing an emissive probe
There are many factors to consider in choosing an emissive probe design for a given experiment, including electron temperature, electron density, size, confinement, ease of use and application. The emissive probe is a versatile and useful diagnostic tool that has in general been underutilized. The following tables are recommendations in deciding which design would be best for a specific experiment based on the discussions in this paper. 
Conclusion
In their 80+ year history emissive probe use has grown from a single limited technique to multiple devices and measurement techniques for a variety of plasmas. From vacuum all the way to tokamaks, emissive probes have proven their value. They are unable to measure the plasma density, but are unbeaten in their ability to provide an unambiguous measure of the plasma potential. Although many important advancements in the field were made decades ago, there continue to be new developments in their use and application. The emissive probe continues to be an important tool for accurately measuring the plasma potential.
